Introduction
Theaflavins (TFs), a family of red pigments in black tea, are produced by the oxidation and dimerization of catechins during the preparation of black tea or oolong tea from tea leaves. TFs are the major polyphenolic components in black tea. The most abundant TFs in black tea are theaflavin (TF), theaflavin-3-O-gallate (TF-3-g), theaflavin-3'-O-gallate (TF-3'-g) and theaflavin-3,3'-di-Ogallate (TFDg) (Figure 1 ). The dry weight of TF, TF-3-g, TF-3'-g and TFDg in black tea are 0.08, 0.3, 0.2 and 0.4%, respectively (Davies et al., 1999; Hara et al., 1987; Shiraki et al., 1994; Tanaka et al., 2001) .
It has been reported that TFs show health benefits such as antioxidant effects (Shiraki et al., 1994) , antimutagenic effects (Shiraki et al., 1994) , anti-inflammation effects (Lin et al., 1999) , cancer prevention (Leone et al., 2003) , reduction of blood cholesterol levels (Ikeda et al., 2010) and anti-hyperglycemic effects (Matsui et al., 2007) . However, the distinctive bitter taste, insolubility in water, and easy oxidation of tea polyphenols such as catechins and/or TFs are problematic for their use as food and/or beverage additives. In the case of green tea catechins, these problems have been resolved by the addition of a cyclodextrin (Gaudette and Pickering, 2012) .
Cyclodextrins (CDs) are cyclic oligosaccharides. Typical CDs are composed of six, seven, or eight D-(+)-glucopyranose units connected by α-1,4-glycosidic linkages and are known as α-, β-, and γ-CDs, respectively (Eastburn and Tao, 1994) . CDs are synthesized from starch in a reaction catalyzed by cyclomaltodextrin glucanotransferase (Kobayashi et al., 1979) . In general, CDs can interact with guest molecules bound in their hydrophobic cavities depending on cavity size. The formation of a CD-guest complex can alter the physical, chemical, and biological properties of the guest molecule, resulting in a guest compound with new properties (Wong and Yueu, 2003; Dell, 2004) .
Inclusion complexes of catechins and CDs have been studied by NMR techniques and theoretical approaches (Ishizu et al., 2006 (Ishizu et al., , 2008 (Ishizu et al., , 2009 (Ishizu et al., , and 2011 . NMR experiments showed that (−)-epigallocatechin gallate (EGCg), a green tea catechin, forms a 1:1 complex with β-CD.
The inclusion sites of EGCg and β-CD were determined to be the aromatic A-ring and a part of the heterocyclic C-ring. In addition, the complexes and the structure formed between β-CD and other catechingallates have been investigated (Ishizu et al., 2008) . Therefore, our focus has been directed at the interaction between CDs and the theaflavins of black tea, because theaflavins are dimeric catechins. In this study, we specifically focused on TFDg in black tea because it is a dimeric catechin of EGCg, which has been reported to interact well with β-CD.
Furthermore, TFDg is a major polyphenol and bioactive constituent of black tea (Li et al., 2013) .
In the present study, NMR techniques and computational simulation were used to study and find the optimum ratio between TFDg and CDs, and to reveal the binding mechanism. Ltd., Osaka, Japan) was used as an internal standard. Diffusion ordered spectroscopy (DOSY) spectra were acquired using the following conditions: pulse delay time, 4.0 s; diffusion time, 100 ms; gradient pulse, 1.5 ms; 8 scans; 32 × 16384 data points.
Materials and Methods

NMR Experiments
The data were processed with a sine-bell and an exponential multiplication window function. Nuclear Overhauser effect spectroscopy (NOESY) spectra were acquired using the following conditions: pulse delay time, 2.0 s; mixing time, 500 ms; 8 scans;
1024 × 1024 data points. The data were processed with a sine-bell squared window function.
Chemicals Cyclodextrins (α-, β-, and γ-CDs) were supplied by Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Theaflavin-3,3'-di-O-gallate (TFDg) was purified from black tea leaves by repeated column chromatography. The purity of the compound was >99% as determined from its 1 H NMR spectrum. containing TFDg (10 mM) and β-CD (10 mM) was prepared. For the TFDg / CD system, an NMR tube was filled with a constant concentration of TFDg (10 mM) and each CD (10 mM) in a final 
Stoichiometric ratio between TFDg and CDs
Results
Determination of stoichiometric ratios between TFDg and CDs
Stoichiometric ratios between TFDg and each CD were determined from the chemical shift at H-G2'/G6' (δ H 6.44 in free) and estimated by the maximum variation range near the minimum value using the Job plot method (Job, 1928) . Figures 2A-2C show the Job plot curves of α-, β-, and γ-CD, respectively. These results indicate that the stoichiometry of TFDg complexed with α-and γ-CD is expected to be 1:1, because each maximum variation range is around 0.5 ( Figs   2A and 2C ). In contrast, the maximum variation range with β-CD was between 0.5 _ 0.65 (Fig. 2B) , indicating that the stoichiometry of TFDg complexed with β-CD is 1:1 and/or 1:2. ), indicating that the interaction between TFDg and β-CD is the strongest amongst the three CDs. In addition, the Gibbs energy change (ΔG) for the CDs was calculated from eq. 2; the results are shown in Table 1 . The
Calculation of binding constants between TFDg and CDs
ΔG of each CD decreases upon interaction with TFDg. The results
show that TFDg interacts with each CD, and that TFDg tends to interact most strongly with β-CD. 
Discussion
In this study, we analyzed the mode of interaction between TFDg and three CDs (α-, β-, and γ-CDs) using several NMR techniques.
These analyses included estimation of the binding constant and diffusion constant by DOSY. All the results suggested that TFDg interacts more with β-CD than with α-or γ-CD. The interaction site was observed by NOESY experiments, and data supporting the inclusion complex were obtained by computational simulation.
It has been reported that EGCg, one of the major tea catechins, interacts with β-CD, thereby suppressing the bitterness, improving the solubility, and increasing the stability of EGCg (Ishizu et al., 2006 (Ishizu et al., , 2008 (Ishizu et al., , 2009 (Ishizu et al., , and 2011 . In general, the conditions under which CDs incorporate a guest molecule are dependent on the inner diameter of the CD cavity and the compatibility of the hydrophobic nature of the guest molecule and the CD. The intermolecular interactions stabilizing the complex are relatively weak molecular attractions such as van der Waals interactions, hydrogen bonds, and electrostatic force. These molecular attractions are only effective at extremely short distances (within a few Å). Therefore, it is important that the inner diameter of the cavity should approximate the size of the guest molecule (Dell, 2004) .
A number of mechanistic studies to elucidate the structure of 
